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Introduction {#sec005}
============

Cardiovascular and peripheral blood vessel diseases are the commonest conditions in the elderly. Usually, atherosclerosis is the underlying disease which is initiated and aggravated by the continuous defects of integrity in the vascular endothelium, resulting in the vessel occlusion and subsequent damage and dysfunction of the involved tissues and organs. Mesenchymal stem cells (MSCs) are adult stem cells characterized by their immuno-regulatory, hematopoiesis-supporting and angiogenesis-promoting activities. According to the reports, many tissues have been demonstrated to be isolated the MSCs, including bone marrow, adipose tissue, liver, muscle, amniotic fluid, placenta, umbilical cord blood, umbilical cord and dental pulp\[[@pone.0147360.ref001]\]. In the clinical, bone marrow is more conveniently obtained. In addition, it has lower immunogenicity, and can obtain more stem cells. At present, MSCs are the prominently promising stem cells in the design of novel therapeutic intervention in both cardiac and peripheral blood vessel diseases \[[@pone.0147360.ref001]--[@pone.0147360.ref004]\].

Increasing clinical trials have been performed to testify the safety and effectiveness of MSCs in the management of these ischemic diseases \[[@pone.0147360.ref005]--[@pone.0147360.ref008]\]. However, some investigators have raised doubts about the safety of MSC application \[[@pone.0147360.ref009]\] and the mechanisms of MSC therapy are still in dispute \[[@pone.0147360.ref003], [@pone.0147360.ref010]\].

Interestingly, the transplanted MSCs will be exposed to the microenvirment of hypoxic and ischemic in these diseases. Previous study demonstrated that MSCs are able release large quantities of microvesicles (MVs) under a hypoxic and/or serum-deprivation condition \[[@pone.0147360.ref011]\]. MVs from hypoxia-induced MSCs (MSC-MVs) can be internalized into endothelial cells, enhancing their *in vitro* proliferation and vessel structure formation and promoting *in vivo* angiogenesis as well \[[@pone.0147360.ref011]\]. The angiogenesis-promoting activity of MSC-MVs has been further identified by other investigators, using a rat myocardial infarction model \[[@pone.0147360.ref012]\] and a mouse subcutaneous blood vessel formation model \[[@pone.0147360.ref013]\]. Meanwhile, it should be noted that the internalization of MSC-MVs into endothelial cells is the first and determinant process that gives rise to the transfer of bioactive molecules encapsulated in the vesicles into the host cells. However, the mechanisms underlying the internalization remain still elusive.

Recent studies indicate the microvesicles was a vital mediator in the cell-to-cell communication, and internalization may be the key process. Accordingly, numerous researchers showed the contents of MVs vary greatly depending on the originate cells, nevertheless, all the MVs contain some endogenous substances including membrance traffic proteins (i.e.RabGT-Pases, annexins, flotilin), multivesicular bodies (i.e.TSG101, Alix), intergins and tetraspanins (CD9, CD63, CD81,CD29). Additionally, the raft-lipids (cholesterol, flotillins) and some signal transduction (EGFR, PI3K) also have been detected\[[@pone.0147360.ref014],[@pone.0147360.ref015]\]. Katrin J. Svensson's research have showed the uptake of MVs may through the raft-lipids mediated endocytosis\[[@pone.0147360.ref016]\]. In other studies, membrance fusion and trafficking proteins interactions were certified to the pathway of internalization\[[@pone.0147360.ref017],[@pone.0147360.ref018]\]. Moreover, some researchers found that phosphatidyl-serine (PS) plays a vital role in uptaking signal and the effect of exosomes application on some target cells growth\[[@pone.0147360.ref019]\].

In the present study, the potential pathway that hypoxia-induced MSC-MVs enter into human umbilical cord endothelial cells (HUVECs) has been probed and, the results here suggest that the interaction of phosphatidylserine (PS) on the MVs isolated from hypoxia-induced stem cells, with the PS receptor (PSR) on the HUVECs is largely responsible for the incorporation.

Materials and Methods {#sec006}
=====================

Cell culture {#sec007}
------------

In this study, all the Human Bone marrow samples and umbilical cords were collected after an informed consent was given, and in accordance with the Ethics Guidelines for Research Involving Human Subjects or Human Tissue from the General Hospital of Air Force. All procedures have been reviewed and approved by the Institutional Review Board (IRB) of Academy of Military Medical Sciences. All the participants provide their written informed consent to participate in the study. In the subject application stage, all the participants had learned the research content carefully, and provided the informed consents. And the related organization of Air Force General Hospital checked the informed consents, then the National Natural Science Foundation approved. The ethics committees/IRBs approve this consent procedure.

The BMSCs were isolated and identified as previously described \[[@pone.0147360.ref020]\]. Briefly, the mono-nucleated cells were isolated by density gradient centrifugation and differential adhesion method was used to isolate BMSCs. Then the cells cultured in a serum-free and animal component free medium according to the protocol described by the manufacturer (Beijing Sanley Bio-tech Co, Beijing, China) at 37°C,5%CO~2~. The fresh medium was changed every 2--3 days, and the cells were sub-cultured at 90% confluence.

HUVECs were isolated and cultured according to the protocol of our lab \[[@pone.0147360.ref011]\]. In brief, the umbilical cord vein was collected and syringed twice with Hanks Balanced Salt Solutions, then 0.25% trypsin was filled into the vein and reacted at room temperature for 30min. Subsequently, PBS was used to wash the vein and collected to centrifuge to isolate the cells. Then the cells were seeded onto a six-wells plate, which was pre-coated with PBS containing 2% gelatin and fibronectin (5μg/ml) at 37°C for 1 hour. The cells were cultured in low-glucose DMEM medium supplemented with 10ng/ml VEGF, 50ng/ml bFGF, 50μg/ml VC, and 2% FBS. And the cells at passage 2 to 3 were used in the experiments described below.

MSC-MV isolation {#sec008}
----------------

MSC-MVs were harvested as previously reported with a mild modification \[[@pone.0147360.ref011]\]. Briefly, human bone marrow MSCs were allowed to attach overnight, and then the culture medium was removed and changed to fresh alpha-MEM without serum supplement. The cells were then exposed to a hypoxic condition (1%O~2~, 5%CO~2~, 94%N~2~) or normoxia for 72 hours and digested with 0.05% enzyme. Then the cells were washed twice with PBS, and trypan blue exclusion test was used to detect the cells viability. It found that the cells viability was \>95%. Subsequently, the supernatants were collected and centrifuged at 1500×g for 15 minutes to remove the cell debris, followed by a filtration through a 0.22μm Super Membrane (Pall Life Sciences). The supernatants were then ultracentrifuged at 170,000×g (Beckman Coulter Optima L-100 XP Ultracentrifuge) for 5 hours at 4°C. The precipitate pellets were then washed twice in PBS and suspended in the apop buffer containing 5mM KCl, 1mM MgCl~2~, and 136mM NaCl. In selected experiments, isolated MVs were resuspended in 1ml PBS that mixed with 5μl DiI or 1μl CFSE (Sigma, USA), and incubated for 20 minutes in dark at room temperature. The labeling reaction was stopped by adding an equal volume PBS of 1% BSA. Then labeled microvesicles were washed twice with PBS and ultracentrifuged at 170,000×g for 5 hours at 4°C. The protein concentration of MVs was determined with the BCA protein assay kit (APPLYGEN, Beijing, China) and accordingly, MVs were split into aliquots and stored at -80°C.

Identification of MSC-MVs {#sec009}
-------------------------

The identification of MSC-MVs was performed as previously described \[[@pone.0147360.ref011]\]. MVs were fixed with 3% phosphotungstic acid, laid on copper mesh formvar grids, and examined under scanning electron microscope (Hitachi H-7650). The surface molecule profile was evaluated with the bead-based flow cytometry technique \[[@pone.0147360.ref011]\]. Briefly, MSC-MVs were bound to aldehyde/sulfate latex beads (4μm; Molecular Probes; Invitrogen) and reacted with FITC-conjugated Anx-V (BD, USA), FITC- or PE-conjugated mouse anti-human CD29, CD31, CD44, CD45 and CD73 monoclonal antibodies that are generally used to identify human MSCs \[[@pone.0147360.ref021]\]. Meanwhile, specific markers to identify MVs including CD9, CD63 and CD81 were also detected routinely. All the antibodies were purchased from BD, USA.

To further clarify the components of the vesicles, western blot was also performed. Firstly, The MVs and hypoxia-induced MSCs were respectively collected and lysed with 100μl RIPA buffer (Applygen Technologies, China) supplement with 1μl protease inhibitor on ice for 30min. Then pyrolysis products of the cells were centrifuged at 15,000×g for 15min at 4°C and BCA protein assay kit was used to detect the protein concentration. 30μg protein was electrophoresed on 10% SDS-polyacrylamide gel, and transferred to a nitrocellulose membranes(Applygen Technologies, China) at 60 mA for 3 h. The membrane was subsequently washed and blocked with 5% skim milk, and incubated with diluted corresponding antibody (β-actin, CD9, CD63 and D81, cat \# A1978, C9993, HPA010088, SAB3500454, Sigma,USA) overnight at 4°C. Lastly, the HRP conjugated anti-rabbit IgG was used and exposed with an X-ray film.

Confocal laser scanning microscopy {#sec010}
----------------------------------

To observe the internalization process of MSC-MVs, HUVECs were seeded into glass-bottomed culture dishes specially designed for confocal observation in the presence of 10μg/ml DiI-labeled MVs and the culture was incubated for the indicated time-points. Unbound MVs were removed by extensive washing with PBS, followed by the cell fixation with 4% Paraformaldehyde for 15min at room temperature and pretreatment with 0.5% Triton-X100 for 10 minutes. The cells were then washed with 5% BSA in PBS with Tween 20 and incubated for 20min to block unspecific binding sites. A rabbit anti-human alpha Tublin antibody (Gene Tex, USA) at a dilution of 1:200 in PBS containing 0.5% BSA was added and the cells were incubated overnight at 4°C. After washing in PBS, a goat anti-rabbit IgG antibody conjugated FITC (Southernbiotech, USA) was added and incubated for 60 minutes at room temperature. The nuclei were counter-stained with 1μmol/L 4\',6-diamidino-2-phenylindole (DAPI, Sigma, USA) for five minutes. The cells were observed with a Zeiss LSM 510 Confocal laser scanning microscope, and the images were analyzed by using the Zeiss LSM and volocity Demo software (PerkinElmer, USA). The relative fluorescence intensity of DiI dye was assessed with a software Image-Pro Plus (Media Cybernetics, USA).

Confocal microscopy was also used to detect PSR expression on HUVECs. Briefly, the cells were fixed and reacted with a rabbit monoclonal antibody against PSR (Abcam, USA) at a dilution of 1:200. The cells were washed in PBS and reacted with a FITC-conjugated secondary antibody. Then the cells were observed as described above.

MV internalization assessed by flow cytometry {#sec011}
---------------------------------------------

HUVECs were cultured in the presence of CFSE-labeled MSC-MVs that had been pretreated with mouse-originated monoclonal antibodies against human CD29 and CD44 (BD, USA) at a dose of 1μg/ml and/or recombinant human Anx-V (Biovision, USA) at graded concentrations. The cells were collected by trypsin digestion and washed twice in PBS. At least 10,000 events were harvested with a flow cytometer (FACS-Calibur, BD). The data were analyzed with the WinMDI 2.9 software after the target events were gated according to the forward and side scatter corner signals. HUVEC co-cultured with unlabled MVs were served as control.

Tube formation assay {#sec012}
--------------------

Aliquots of 3×10^4^ HUVECs in a volume of 100μl were seeded into a 48-well plate, which was pre-coated with 100μl matrigel for 1 hour. The cells were then incubated at 37°C, 5% CO~2~ for 24 hours and tube formation was observed by microscopy. Further, to observe the involvement of PS in the incorporation of MVs into HUVECs, MVs (100μg/ml) were mixed with recombinant human Anx-V (10μg/ml) (Biovision, USA) and the reaction lasted for 1 hour at 37°C. Then the mixture was washed with apop buffer and then added into the culture and the tube formation was reassessed. Moreover, the human Anx-V mixed with HUVECs for 1 hour at 37°C, then the cells was washed twice and planted on 48-well plate that including martigel as the negative control. The number of the network structure was quantified by randomly selecting 5 field per well.

Transfection of small interfering RNA {#sec013}
-------------------------------------

Small interfering RNAs (siRNA) targeted at human Anx-V and the control siRNA were purchased from Santa Cruz Biotech (Cat No. sc-36324 & sc-37007). The siRNA targeted against human Anx-V and the non-silencing control siRNA were designed according to the sequences reported previously \[[@pone.0147360.ref022]\]. Transfection was performed with the siRNA Transfection Reagent according to the instructions of the manufacturer (Santa Cruz Biotech). The expression of Anx-V on the surface of HUVECs was detected by flow cytometry after the cells were reacted with an FITC-conjugated anti-human Anx-V monoclonal antibody (eBioscience, USA). Moreover, the PSR-siRNA(sc-36325,Santa Cruz Biotech) and the negative-siRNA (sc-37007,Santa Cruz Biotech) transfections also performed in the HUVECs according to the instructions of the manufacturer (Santa Cruz Biotech). And the expression of PSR on surface of the HUVECs was detected by flow cytometry.

Statistical analysis {#sec014}
--------------------

All values are expressed as the mean ± S.D. Statistical analysis was completed with student's two-tailed unpaired t-test or one-way ANOVA using Graph pad Prism 5. A P-value of \<0.05 was considered statistically significant.

Results {#sec015}
=======

Identification of MSC-MVs {#sec016}
-------------------------

MVs derived from hypoxia-induced hBMSCs were collected by ultracentrifugation and identified by electron microscopy and flow cytometry. The results showed that the MSC-MVs were relatively homogenous in morphology, round- or cup-shaped with a diameter around 50--100nm ([Fig 1A](#pone.0147360.g001){ref-type="fig"}). Flow cytometry revealed that hypoxia-induced MSC-MVs reacted with Anx-V, suggesting PS exposure on their surface ([Fig 1B](#pone.0147360.g001){ref-type="fig"}). Similar to the generally accepted surface profile of human MSCs \[[@pone.0147360.ref020]\], the MVs expressed CD44, CD73, while they were negative for CD31 and CD45. And the specific molecules of MVs such as CD9, CD63, CD81 and the intergins CD29 were also detected ([Fig 1B](#pone.0147360.g001){ref-type="fig"}). These proteins were generally accepted on MVs and may include in the uptake process\[[@pone.0147360.ref014],[@pone.0147360.ref015]\]. The results revealed that the MVs were originated from hypoxia-induced MSCs and in accordance with the basic characteristics of microvesiciles. About the iconic proteins, the corresponding western blot experiment was also performed. The results showed that the obtained microvesicles expressed CD9, CD81, and CD63, which were in consistent with those from flow cytometric analysis ([Fig 2](#pone.0147360.g002){ref-type="fig"}).

![Identification of MSC-MVs with electron microscopy (A) and flow cytometry (B).\
(A) The bar represents 100nm. (B) MSC-MVs were conjugated with aldehyde/sulfate latex beads and reacted with fluorescein-labeled antibodies or Anx-V. The events were collected with a flow cytometer and the single beads (red) and the doublets of beads (green) were gated for further analysis. The percentages of the positivity in contrast to an isotype antibody are indicated. X-axis: forward scatter corner signals showing the size of the gated events. Beads: Beads were collected for the determination of the gates. Beads+MVs: MVs conjugated with beads were collected for further determination of the gates for analysis. CTR: MVs reacted with a PE-labeled isotype antibody. The results are representative of three individual experiments.](pone.0147360.g001){#pone.0147360.g001}

![Western blot analysis on the expression of the exosomal markers CD63, CD81, and CD9 in MSCs and exosome-like vesicles.](pone.0147360.g002){#pone.0147360.g002}

According to above methods, the specific molecules were detected after MSCs had experienced serum-free and normoxic condition. Flow cytometry revealed that the MVs derived from the normoxia cells seemed not to react with Anx-V, suggesting no PS exposure on their surface ([S1 Fig](#pone.0147360.s001){ref-type="supplementary-material"}).

Time- and dose-dependence of the internalization of MSC-MVs {#sec017}
-----------------------------------------------------------

To quantify the proportion of MV internalization, CFSE- or Dil-labeled hypoxia-induced MSC-MVs (10μg/ml) were added to the culture of HUVECs that had reached to a confluence of around 80%, and the cells were then collected at different time points for flow cytometry and confocal observation. As shown in [Fig 3](#pone.0147360.g003){ref-type="fig"}, DiI-labeled MVs were rapidly engulfed by HUVECs after the co-culture for two hours. The cellular accumulation of MVs continued as the duration time prolonged. The fluorescence appeared a bit sparsely at 6hr, and seemingly condensed at the time-point of 12hr. The results were supported by flow cytometric analysis. As shown in [Fig 4A](#pone.0147360.g004){ref-type="fig"}, the CFSE positivity increased gradually. T-test analysis proved the time-dependent increase of MV uptake by HUVECs (P\<0.001, [Fig 4B](#pone.0147360.g004){ref-type="fig"}). Furthermore, when graded doses of MSC-MVs were kept with HUVECs for 12 hours, the percentage of CFSE-positive cells increased with the increase of MV concentrations ([Fig 4C](#pone.0147360.g004){ref-type="fig"}), reaching (91.33±1.12)% when MSC-MVs were added at a concentration of 20μg/ml. Statistical analysis also confirmed the dose-dependence (P\<0.05, [Fig 4D](#pone.0147360.g004){ref-type="fig"}).

![Incorporation of MSC-MVs into HUVECs observed with confocal laser microscopy.\
(A) DiI-labeled MSC-MVs were added into the HUVEC culture. The cells were fixed and DAPI-stained, followed by confocal observation. Red: DiI-MVs; Blue: DAPI; Ordinary light: HUVEC; and Merge: the merged images of the three above. Bar: 10μm. (B) The mean fluorescence intensity of DiI in per field. The results are representative of three individual experiments.](pone.0147360.g003){#pone.0147360.g003}

![MSC-MVs were engulfed by HUVECs dose- and time-dependent.\
(A) CFSE-labeled MSC-MVs were added to the culture medium of HUVECs at a dose of 10μg/ml and the cells were collected at different time-points. (B) Flow cytometry graphs analysis the mean fluorescent values of tripical experiments, error bars are +/- S.D.,\*P\<0.001; (C) HUVEC culture was maintained for 12 hours in the presence of graded concentrations of MSC-MVs. X-axis: CFSE fluorescence intensity; Y-axis: forward scatter corner signals showing the size of the gated events. (D) MVs internalization is dose-dependent (\*P\<0.001, n = 3).](pone.0147360.g004){#pone.0147360.g004}

In fact, the CFSE positivity varied greatly when HUVECs from different donors were used. To standardize the experiments below, HUVECs from three subjects were selected. The observation time-point was set as 12 hours and the dose of MSC-MVs was used at 10μg/ml.

Exogenous Anx-V greatly inhibits the internalization {#sec018}
----------------------------------------------------

The experiments above revealed that PS, CD29 and CD44 were present on the surface of the MSC-MVs ([Fig 1B](#pone.0147360.g001){ref-type="fig"}). These molecules have been shown to be responsible for the incorporation of MVs into host cells including endothelial cells \[[@pone.0147360.ref023]--[@pone.0147360.ref025]\], dendritic cells \[[@pone.0147360.ref018]\], tubular epithelial cells \[[@pone.0147360.ref026]\] and hepatocarcinoma cells \[[@pone.0147360.ref027]\]. Further, previous data and the results in this study have demonstrated that Anx-V is expressed on the surface of HUVECs \[[@pone.0147360.ref028]\]. Meanwhile, PS exists on the surface of MVs derived from a variety of cells \[[@pone.0147360.ref029]--[@pone.0147360.ref031]\], and the specific binding of Anx-V to PS has been long recognized \[[@pone.0147360.ref032], [@pone.0147360.ref033]\]. Therefore, it was assumed that PS, CD29 and CD44 might also attribute to the internalization of the hypoxia-induced MSC-MVs into the HUVECs.

To testify this assumption, CFSE-labeled hypoxia-induced MSC-MVs (10μg/ml) were pretreated with recombinant human Anx-V (10μg/ml), and/or antibodies against CD29 and CD44 (1μg/ml), followed by the addition into HUVEC culture. Twelve hours later, the cells were collected for flow cytometric analysis ([Fig 5A](#pone.0147360.g005){ref-type="fig"}). The results showed that Anx-V dramatically blocked the incorporation of MSC-MVs (P\<0.01) and its inhibition seemed not additionally augmented by the supplement of anti-CD29 or anti-CD44 antibody (P = 0.1). Meanwhile, the addition of CD29 antibody reduced the percentage of CFSE-positive cells to a greatly less extent than Anx-V did (P\<0.01) and, the supplement of CD44 antibody exhibited no effect on MSC-MVs internalization (P = 0.5). The results demonstrate that the PS sites on MSC-MVs rather than CD29 and CD44 play a critical role in the incorporation process ([Fig 5B](#pone.0147360.g005){ref-type="fig"}).

![Suppression of MSC-MV incorporation into HUVECs by exogenous addition of Anx-V, anti-CD29 and anti-CD44 antibodies.\
(A) Flow cytometry was used to assess the CFSE intensity after the cells were cultured for 12 hours. CTR: HUVECs without MSC-MVs; MSC-MV: HUVECs with MSC-MVs only. X-axis: the forward scatter corner signals showing the cellular size. Y-axis: CFSE fluorescence intensity; (B) The percentages of the CFSE-positive cells are indicated. \*P: *vs*.CTR \<0.01; ^\#^P: *vs*.CD29+CD44 = 0.0014; ^&^P: *vs*.CD29/CD44 \<0.001. The results are representative of the data from three individual experiments. (C) Exogenous Anx-V inhibits the uptake of MSC-MVs by HUVECs in a dose-dependent manner. CTR: HUVECs in the absence of CFSE-MSC-MVs. Y-axis: CFSE intensity; X-axis: the forward scatter corner signals showing the size of the cells. (D) The Anx-V dose-dependently inhibits the MVs uptake (\*P\<0.001, n = 3).(E) The co-culture of HUVECs and DiI-labeled MSC-MVs was maintained in the absence (CTR) or presence of exogenous Anx-V (Anx, 10μg/ml) for 6 or 12 hours and analyzed by confocal scaning microscopy. CTR: The MSC-MVs in the absence of Anx-V. Tublin-alpha: green. DiI-MVs: red. DAPI: blue. Bar: 20μm. (F) The t-tests showed the inhibition function of Anx-V in the internalization(*vs*.6h-CTR\*P\<0.01;*vs*.12h-CTR^\#^P\<0.01).The results are representative of two separate experiments.](pone.0147360.g005){#pone.0147360.g005}

To further confirm the involvement of PS, graded concentrations of recombinant Anx-V were added together with CFSE-labeled MSC-MVs (10μg/ml) into the culture of HUVECs. Flow cytometric analysis showed that exogenous Anx-V inhibited the uptake of MSC-MVs by HUVECs in a dose-dependent manner ([Fig 5C](#pone.0147360.g005){ref-type="fig"}). As shown in [Fig 5D](#pone.0147360.g005){ref-type="fig"}, the percentage of CFSE-positive cells decreased a bit when 1μg/ml of Anx-V was added ((73.14±3.84)%, P = 0.06), and the positivity decreased to (21.40±1.70) % when the dose increased to 10μg/ml. The inhibitory effect of Anx-V was not further augmented even when 10μg/ml of Anx-V was used. The inhibition was also identified by confocal laser microscopy ([Fig 5E](#pone.0147360.g005){ref-type="fig"}). And the Anx-V inhibition was apparently dose-dependent ([Fig 5F](#pone.0147360.g005){ref-type="fig"}).

Blockage to PS on the MVs abrogates their ability to promote tube formation of HUVECs {#sec019}
-------------------------------------------------------------------------------------

The data above suggest that PS on the surface of MVs is responsible for the internalization. It has been previously proven that MSC-MVs can greatly enhance the capacity of HUVECs to form capillary-like network. Therefore, to observe if PS blockage could affect the tube formation promoting activity, MVs mixed with 10μg/ml Anx-V protein and the mixture was co-cultured with HUVECs. The network structure was counted at the time point of 24 h. As expected, the addition of MVs significantly enhanced the number of tube-like structure compared with HUVECs without MSC-MVs (34.25±4.03 *vs*. 2.50±0.57, P\<0.0001). Meanwhile, pre-treatment of MVs with Anx-V nearly totally abrogated their enhancing effect (7.75±0.95 *vs*.34.25±4.03, P \< .0.0001; [Fig 6](#pone.0147360.g006){ref-type="fig"}).

![Blockage to PS on the MVs abrogates their ability to promote tube formation of HUVECs.\
(A) The vessel structure formation of HUVECs. CTR: Control, without MSC-MVs; MV: HUVEC+MSC-MVs; Anx-V-MV: HUVEC+Anx-V-MVs; (B) The mean number of 5 sites vessel structure (\*P:*vs*.CTR \<0.001;^\#^P: *vs*.MVs \<0.001; n = 3).](pone.0147360.g006){#pone.0147360.g006}

Blockage of Annexin-V expression with siRNA has no effect on the internalization {#sec020}
--------------------------------------------------------------------------------

The results above suggest that PS-Anx-V interaction might attribute to the uptaking process. To identify the possibility, siRNA for human Anx-V were transfected into HUVECs and after 72 hours, the process of MSC-MV internalization was re-assessed. The results showed that siRNA transfection could greatly inhibited Anx-V expression on HUVECs ([Fig 7A](#pone.0147360.g007){ref-type="fig"}). Flow cytometric analysis showed that the expression of Anx-V on HUVEC was significantly reduced by si-RNA transfection ([Fig 7C](#pone.0147360.g007){ref-type="fig"}; si-RNA (20.55±2.13)% *vs*.CTR (83.39±2.76%), p\<0.0001; *vs*. siRNA-CTR (78.45±2.87)%, P\<0.0001; n = 3). However, the down-regulation of Anx-V did not affect the incorporation of MSC-MVs into HUVECs ([Fig 7B](#pone.0147360.g007){ref-type="fig"}). The mean percentage of CFSE-positive cells in Anx-V siRNA-transfected HUVECs was (82.25±1.73)%, which was comparable to those of non-silencing siRNA-transfected HUVECs ((80.4±2.7)%,P = 0.83) and the counterpart cells ((80.67±1.76)%, P = 0.33) ([Fig 7D](#pone.0147360.g007){ref-type="fig"}). The results suggest that Anx-V on HUVECs seems not be attributed to the MVs incorporation.

![Down-regulation of Anx-V in HUVECs has little effect on the MSC-MV internalization.\
(A) Anx-V siRNAs were transfected into HUVECs and the Anx-V expression was assessed by flow cytometry. The hollow diagrams represent the control and the solid ones represent the Anx-V-FITC fluorescence intensities of the indicated cells. (B) HUVECs, Anx-V siRNA-transfected HUVECs (siRNA) and control siRNA-transfected HUVECs (siRNA-CTR) were maintained in culture for 12 hours in the presence of CFSE-labeled MSC-MVs. The cells were harvested for flow cytometric analysis. (C) The t-test shows that the Anx-V expression was significantly decreased by si-RNA (*vs*.CTR \*P\<0.001; *vs*.siRNA-CTR ^\#^P\<0.001). (D) Anx-V did not effect the internalization of MVs (*vs*.CTR P = 0.83). These results are representative of the data from three separate experiments.](pone.0147360.g007){#pone.0147360.g007}

Blockage of PSR on HUVECs inhibited the MSC-MV incorporation {#sec021}
------------------------------------------------------------

The data above preclude the possibility of the contribution of PS-Anx-V interaction to the internalization process. Meanwhile, the results also suggest the critical role of PS in the MSC-MV up-taking by HUVECs. Therefore, it could be deduced that some other PS receptors on HUVECs might be responsible for this process. Previous data have demonstrated that exosomes derived from T cells could be engulfed by monocytes via the PS-PSR pathway \[[@pone.0147360.ref034]\]. To observe if it was the case in the interaction of hypoxia-induced MSC-MVs and HUVECs, the expression of PSR on HUVECs was evaluated with confocal microscopy. The results showed that HUVECs were homogeneously positive for PSR ([Fig 8A](#pone.0147360.g008){ref-type="fig"}). To assess if the PS-PSR reaction is involved in the internalization, HUVECs were pre-treated with 100μg/ml PSR antibody and then DiI-labeled MSC-MVs were co-cultured for 12 hours. The incorporation of MVs was evaluated by confocal microscopy. The results showed that the pretreatment dramatically inhibited the DiI-labeled MVs incorporation into the HUVECs. The mean fluorescence intensity per field in PSR antibody-treated HUVECs was 16264±19402, which was significantly lower than that of untreated HUVECs (180030±87314, P = 0.038, [Fig 8B](#pone.0147360.g008){ref-type="fig"}).

![Blockage of PSR suppresses the engulfment of MSC-MVs by HUVECs.\
(A) PSR expression on the HUVECs was detected with confocal microscopy analysis. PSR: green; DAPI: the nuclear (blue); Bar: 20μm. (B) HUVECs were pre-treated with anti-PSR antibody and cultured in the presence of DiI-labeled MSC-MVs. Twelve hours later, the cells were fixed and observed under a confocal microscope. CTR: HUVEC with DiI-MV; PSR-Antibody: HUVEC+PSR-Antibody with DiI-MV; Bar: 20μm. (C) Blockage of PSR with a specific antibody greatly decreased the internalization of MVs into HUVECs (*vs*.CTR ^\*\*\*^P\<0.0001, n = 2).](pone.0147360.g008){#pone.0147360.g008}

To futher observe if it was the case in the interaction of the hypoxia-induced MSC-MVs and HUVECs, the expression of PSR on HUVECs was also evaluated by flow cytometry. The results showed that HUVECs were positive for PSR, and PSR siRNA specifically down-regulated its expression ([Fig 9A](#pone.0147360.g009){ref-type="fig"}). After incubation with CFSE-labeled MSC-MVs for 12 hours, most of the PSR siRNA-transfected HUVECs were negative for CFSE, in sharp contrast to non-silencing RNA-transfected HUVECs and their counterparts ([Fig 9B](#pone.0147360.g009){ref-type="fig"}). The mean CFSE-positive percentage from three experiments was (85.02±4.47)% in HUVECs, and that in control siRNA-transfected cells was (78.45±2.87)%. Meanwhile, the positive percentage was greatly reduced in PSR siRNA-treated HUVECs ((18.97±4.18) %,P\<0.05) ([Fig 9B](#pone.0147360.g009){ref-type="fig"}).

![Down-regulation of PSR in HUVECs inhibits their up-taking of MSC-MVs.\
(A) PSR expression on HUVECs, PSR siRNA-transfected HUVECs (siRNA) and control RNA-treated HUVECs (siRNA-CTR) was evaluated by flow cytometry. The hollow diagrams represent the fluorescence intensity of cells reacted with the FITC-conjugated antibody. (B) The uptake of CFSE-labeled MSC-MVs was observed with flow cytometry. X-axis: the forward scatter corner signals. Y-axis: CFSE intensity. (C)The t-test showed that the PSR expression was significantly decreased by si-RNA (vs.CTR \* P\<0.05; vs.siRNA-CTR \# P\<0.05). (D) PSR siRNA significantly inhibited the internalization of MVs (vs.CTR \* P\<0.05; vs.siRNA-CTR \# P\<0.05). These results are representative of the data from three separate experiments.](pone.0147360.g009){#pone.0147360.g009}

Discussion {#sec022}
==========

In the present study, we have intended to clarify the process of incorporation hypoxia-induced MSC-MVs into HUVECs and found that blockage of PS on the surface of MSC-MVs with exogenous Anx-V other than antibodies against CD29 and CD44 greatly inhibits the internalization. Furthermore, the blockage of the PS on MVs with exogenous Anx-V diminished the effect of tube formation-promting MSC-MVs. However, down-regulation of Anx-V expression with si-RNA technique has little/no effect on this process. And interestingly, the addition of anti-PSR antibody greatly blocked the incorporation of the MVs into HUVECs. The results here support the conclusion that PS is a critical molecule in the up-taking of hypoxia-induced MSC-MVs by HUVECs, and probably via the interaction of PS on the MSC-MVs and PSR on the HUVECs, though the detailed mechanisms underlying the interaction and the subsequent signaling remain still unknown. However, it should be noted that the PS-PSR pathway may not be the exclusive one responsible for the cellular incorporation of MSCs-MVs, as blockage of PS on MVs with exogenous Anx-V and PSR on HUVECs could not completely shut off the entrance of MSC-MVs into the endothelial cells.

Generally, MVs are originated through different mechanisms, including the apoptotic bodies from dying cells, plasma membrane blebbing (ectosomes) and the endosomal processing and emission of plasma membrane (exosomes) from activated and apoptotic cells \[[@pone.0147360.ref035]\]. In the present study, MVs were collected from the supernatants of MSCs that had exposed to hypoxic and serum-deprivation. Electron microscopy showed that the MVs were round- or cup-shaped and less than 100nm in diameter. Further, most of the MVs were positive for PS. Thus, the MSC-MVs described here might be a mixture of ectosomes and exosomes without the contamination of apoptotic bodies.

PS exposure is a prominent feature of MVs and this phenomenon has been discovered in MVs derived from platelets, red cells, multiple myeloma cells, melanocyts and other cell types \[[@pone.0147360.ref029], [@pone.0147360.ref036], [@pone.0147360.ref037]\]. PS has been proven to take a critical part in the internalization of MVs into endothelial cells, in which the MVs were originated from a variety of cells including platelets, monocytes, squamous cell carcinoma cells, and endothelial cells \[[@pone.0147360.ref018],[@pone.0147360.ref026],[@pone.0147360.ref027]\]. PS is also involved in the uptake of extracellular exosomes by dendritic cells \[[@pone.0147360.ref025]\]. In this study, we have found that blockage of PS sites on hypoxia-induced MSC-MVs with Anx-V greatly reduces the incorporation into HUVECs, though the inhibition is incomplete. The results demonstrate that PS on hypoxia-induced MSC-MVs is a key molecule responsible for the internalization and, other surface molecules might also play a role in the process. A previous report has found that CD44 and CD29, two marker molecules expressed on MSCs and MSC-MVs, are involved in the incorporation of MSC-MVs into kidney tubular epithelial cells \[[@pone.0147360.ref026]\]. Further, the incorporation of liver stem cell-derived MVs into HepG2 hepatoma cells appears to be CD29 dependent \[[@pone.0147360.ref027]\]. However, our data here show that Anx-V could greatly suppress other than completely blocking MSC-MV incorporation, while the addition of monoclonal antibodies against CD44 and CD29 had no effect on the uptake of MSC-MVs by HUVECs, and Anx-V supplemented with anti-CD29 antibody enhanced the inhibitory effect of Anx-V only to a little extent ([Fig 4](#pone.0147360.g004){ref-type="fig"}). The inconsistency might hint that the varieties of the host cells, the cellular origins of MVs and the stimuli that the cells have received might result in the differences of the pathway(s) the cells will take to engulf MVs, as the MV internalization is an active reaction of the host cells rather than merely casual attachment of MVs to the cell surface \[[@pone.0147360.ref038], [@pone.0147360.ref039]\]. The MVs isolated from non hypoxic cells no PS exposure on their surface, however, they could be internalized by HUVECs, and the results was conformity with our previous data. The results showed in the [S2 Fig](#pone.0147360.s002){ref-type="supplementary-material"} so we cannot exclude the possibilities that other pathways such as lactadherin/MFG-E8, integrins and endocytosis might be involved in the internalization of MVs derived from routinely cultured MSCs or cells exposed to hypoxic. A recent study has shown that MVs from several tumor cell lines entered into the host cells mainly via the cell-surface heparan sulfate proteoglycans and, blockage to these proteoglycans nearly completely intercepted the MV internalization \[[@pone.0147360.ref040]\]. The data suggest that CD29 and other members of the integrin family are critical players in the indicated settings. Therefore, further investigations are needed to discover the molecules that might assist or provide supplementary activity on the functionality of PS on MSC-MVs.

PS, the most well-studied marker of cells apoptosis, is translocated to the outer leaflet of plasma membrane, and can bind specially to a variety of surface receptors on the cells including phagocytes, epithelial cells, and endothelial cells. These receptors such as PSR, C. Elegan CED-1, the tyrosine kinase receptor MER, integrins and TIM family members, can recognize and link the PS directly or indrectly \[[@pone.0147360.ref041]--[@pone.0147360.ref045]\]. Anx-V, a three-dimensional structure that is a non-glycoaylated single chain protein composed of 319 amino acid residues with a molecular mass of 35.7kDa, was first described functionally as a vascular anticoguant. Now Anx-V is considered to be the most common candidate molecules to detect the PS on the membrane of the apoptotic cells, though the underlying function of Anv-V is still unclear \[[@pone.0147360.ref046]--[@pone.0147360.ref047]\]. However, inhibition of Anx-V expression on HUVECs by si-RNA targeting has no effect on the internalization of MVs into HUVECs. The results suggest that other PS ligands other than Anx-V might be attributed to the incorporation.

PSR is an well-known classic receptor for PS. Furthermore, the tethering and ingestion of erythrocyte apoptotic bodies by vascular smooth muscle cells depend on the interaction of PS and PSR \[[@pone.0147360.ref048]\]. Additionally, Tim-1 and Tim-4 are needed in the PS-mediated clearance of apoptotic bodies by phagocytes \[[@pone.0147360.ref049],[@pone.0147360.ref050]\]. Recent studies have demonstrated that the internalization of MVs into macrophages and tumor cells are also PS-mediated \[[@pone.0147360.ref025], [@pone.0147360.ref039]\]. However, the details about the incorporation of MVs into endothelial cells are still unknown \[[@pone.0147360.ref024], [@pone.0147360.ref051], [@pone.0147360.ref052]\]. In the present study, we have demonstrated that specific inhibition of Anx-V expression on HUVECs by the interference siRNAs could not suppress the MSC-MV incorporation, while the uptake was significantly restrained in PSR siRNA-transfected or PSR antibody treated HUVECs. The results suggest that PS-PSR bridging plays a critical role in the incorporation of hypoxia-induced MSC-MVs into HUVECs. The phenomenon has also been observed in the clearance of apoptotic bodies by phagocytes and endothelial cells \[[@pone.0147360.ref039], [@pone.0147360.ref041], [@pone.0147360.ref050], [@pone.0147360.ref053]\]. However, PSR blockage could not thoroughly shut off the entrance of MSC-MVs into HUVECs, hinting that some other pathways might also be involved in the process. Furthermore, the mechanisms underlying the PS-PSR bridging and the subsequent intracellular signaling activities should be clarified with more detailed investigations.

In conclusion, the present study provides definite evidences to support the view-point that PS on the surface of hypoxia-induced MSC-MVs and PSR on HUVECs are important participants in the internalization of hypoxia-induced MSC-derived MVs into HUVECs. Previous data have confirmed that the angiogenesis-promoting activities of MSCs are partially due to the interaction of the MSC-MVs with endothelial cells \[[@pone.0147360.ref011]--[@pone.0147360.ref013]\]. The discovery of the details underlying the interaction might provide novel strategies to design therapeutic measures in the management of cardiovascular and peripheral blood vessel diseases.

Supporting Information {#sec023}
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###### MVs derived from non hypoxic cells were conjugated with aldehyde/sulfate latex beads and reacted with Anx-V-FITC.

The events were collected with a flow cytometer and the single beads (green) and the doublets of beads (red) were gated for further analysis. The percentages of the positivity in contrast to an isotype antibody are indicated. X-axis: forward scatter corner signals showing the size of the gated events. Beads: Beads were collected for the determination of the gates. Beads+MVs: MVs conjugated with beads were collected for further determination of the gates for analysis. CTR: Beads reacted with Anx-V-FITC.

(TIF)

###### 

Click here for additional data file.

###### The uptake of MVs isolated from non hypoxic cells by HUVECs.

The hollow diagrams represent the control and the solid ones represent the CFSE fluorescence intensities of the indicated cells. X-axis: the relative fluorescence of CFSE, and Y-axis: the number of events; CTR: Control, without MSC-MVs; MV: HUVEC+CFSE-MSC-MVs(10μg/ml).

(TIF)

###### 

Click here for additional data file.
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MVs

:   Microvesicles

CFSE

:   Carboxyfluorescein Succinimidyl Ester

UC

:   Umbilical cord

MSC

:   mesenchymal stem cells

ECs

:   endothelial cells

FBS

:   fetal bovine serum

PE

:   phycoerythrin

FITC

:   fluorescent isothiocyanate

PS

:   phosphatidylserine

PSR

:   phosphatidylserine receptor

Anx-V

:   annexin-V
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